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Abstract
Background and objective
Birth weight and post-natal growth are important predictors of adult health. Preeclampsia
(PE) is associated with low birth weight and may have long term effects on the health of the
children. The current study aims to compare anthropometry and blood pressure between
children of mothers with and without PE in an Indian cohort.
Methods
We studied children born to women with (PE; n = 211) and without preeclampsia (non-PE; n
= 470) at Bharati Hospital, Pune, India. Anthropometry and blood pressure were measured
in children at 3–7 years of age. Weight and height Z-scores were calculated using the WHO
2006 growth reference. Independent t-tests were used to compare means between the two
groups, and associations between preeclampsia and child outcomes were analyzed using
multiple linear regression, adjusting for potential confounders.
Results
Weight and height Z-scores (p = 0.04 and 0.008), and subscapular skinfold thickness (p =
0.03) were higher among children of PE compared with children of non-PE mothers. Systolic
blood pressure was also higher in children of PE mothers (1.70 mmHg [95% CI 0.05, 2.90] p
= 0.006). BMI and diastolic blood pressure did not differ between groups. In regression mod-
els adjusted for newborn weight and gestational age, current age and sex, and maternal
height, BMI and socio-economic status, children of PE mothers had higher weight Z-score
(0.27 SD [95%CI 0.06, 0.48] p = 0.01), height Z-score (0.28 SD [95%CI 0.09, 0.47] p =
0.005), and subscapular skinfold thickness (0.38 mm [95%CI 0.00, 0.76] p = 0.049). A trend
for higher systolic blood pressure (1.59 mmHg [95%CI -0.02, 3.20] p = 0.053) in the children
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was also observed in the adjusted model. The difference in systolic blood pressure was
attenuated after adjusting further for the child’s weight and height (1.09 mmHg [95%CI
-0.48, 2.67] p = 0.17). There was no evidence of differences in effects between boys and
girls.
Conclusion
Children of PE mothers were taller and heavier, and had higher systolic blood pressure,
partly explained by their increased body size, than children of non-PE mothers. In utero
exposure to preeclampsia may increase the risk of future cardiovascular disease.
Introduction
Cardiovascular disease (CVD) is the leading cause of mortality globally and imposes a heavy
burden on health care systems [1,2]. Research linking lower birth weight to an increased risk
of CVD in adult life [3] has led to the theory that an adverse environment during fetal develop-
ment leaves a lifelong susceptibility to CVD, a concept known as the ‘developmental origins of
health and disease (DOHaD)’ [4,5] Preeclampsia (PE) is a common complication of preg-
nancy, characterized by maternal hypertension and proteinuria, and altered placental blood
vessel development which reduces blood flow and nutrient delivery to the fetus, leading to
fetal growth restriction [6,7]. PE is also associated with an increased risk of pre-term birth,
another cause of reduced birth weight.
Previous studies in high income countries (HICs), have investigated the effects of maternal
PE on height, weight, body mass index (BMI), other measures of adiposity, and blood pressure
among children or adults. These have shown that preeclampsia is associated with higher
weight and body mass index in adolescents and adults [8,9,10, 11, 12, 13]. Taller height or
accelerated childhood height gain have also been reported, though less consistently [8,14]. Sev-
eral studies and two systematic reviews [10,15] have also found that offspring born to mothers
with preeclampsia exhibit higher systolic and diastolic blood pressure as children, adolescents
and adults [9,11,12,16,17,18,19,20,21]. Sex specific changes, and differences in effects depend-
ing on whether preeclampsia was mild, moderate or severe, have been described in some of
these studies.
Greater childhood adiposity and higher childhood blood pressure are known to be associ-
ated with an increased risk of obesity and hypertension respectively in adult life, and thus chil-
dren of women with preeclampsia may be at increased risk of cardiovascular disease [22].
Intra-uterine growth restriction [23] and PE [24] are more common in low- and middle-
income countries (LMICs) than in HICs (the prevalence of PE in India is estimated at 8–10%)
[25]. The incidence of cardiovascular disease is rising in LMICs; deaths from cardiovascular
disease have overtaken those due to infectious disease in India and are higher per unit popula-
tion than in HICs [26].
To the best of our knowledge, there are no published follow-up data from children born to
mothers with preeclampsia in LMICs. Previous studies carried out in our department have
demonstrated higher maternal homocysteine, oxidative stress, altered placental angiogenesis
and disturbed fatty acid metabolism in women with preeclampsia [27,28,29]. We have also
reported altered placental global and gene specific methylation patterns in angiogenic factors
in preeclampsia [30]. These changes could have implications for early life programming of
later life cardiovascular disease. The current study followed up a cohort of children born to
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women with and without preeclampsia and compared their anthropometric measures and
blood pressure at age 3–7 years in an Indian cohort.
Methods
Recruitment of mothers and newborns at delivery
The study was carried out at the Interactive Research School for Health Affairs (IRSHA), in
the city of Pune, India, in collaboration with the departments of Obstetrics and Gynaecology
and Pediatrics, Bharati Hospital, Bharati Vidyapeeth University, Pune, India. The mothers
were recruited on admission for delivery during 2006 to 2015. The study was initially set up to
study maternal and cord blood bio-markers in relation to obstetric/birth outcomes, especially
preeclampsia, pre-term birth and low birth weight [27,31,32,33].
Obstetric staff explained the study to all women admitted to the obstetric unit in labour and
recruited women willing to participate. Inclusion criteria were: maternal age 18–35 years and
married. Exclusion criteria were: a) a history prior to this pregnancy of chronic non-commu-
nicable disease (diabetes, kidney failure, hypertension and CVD), b) a history of gestational
diabetes diagnosed during this pregnancy; c) alcohol or substance abuse (not including
tobacco use), d) multiple pregnancy (twins/triplets), or e) known HIV or HBsAg (hepatitis B
Australia antigen) positivity. Recruitment was suspended at times when the unit was under
severe pressure and staff were too busy with clinical tasks. At recruitment, maternal age, parity,
and pre-delivery weight and height were recorded. Mothers were asked if they used tobacco or
consumed alcohol. We recruited women having preeclampsia irrespective of whether they had
a history of hypertension in an earlier pregnancy. Similarly, women without preeclampsia
were assigned as controls regardless of their history in previous pregnancies.
After delivery, the pregnancies were classified into 2 groups: 1) a preeclampsia group (‘PE’)
of women diagnosed by the obstetrician to have preeclampsia at any stage of pregnancy, based
on 1+ proteinuria on dipstick testing (equivalent to 300mg/24 hours or more) and high blood
pressure, defined as systolic BP >140 mmHg and/or diastolic BP>90 mmHg; and 2) a control
group of women with no evidence of preeclampsia at any stage of pregnancy (‘non-PE’) and
comprising women with uncomplicated pregnancies with gestation >37 weeks and birth
weight >2500 g, women with pre-term deliveries (<37 weeks completed gestation), and
women whose newborns were of low birth weight (birth weight <2500g at gestation 37 weeks
or more.
Follow-up of children at 3–7 years of age
There was no contact with the families after birth until the 3–7 year follow-up, which was car-
ried out between July 2013 and October 2017. Contact phone numbers and addresses were
obtained from hospital records. Families were contacted by telephone, or by home visit if the
phone number was missing or no longer valid. Some children (821 [36%]) were untraceable
because their families had moved away from the recorded address (‘Not found’ in Fig 1); 22
[1%] had died, and 284 [12%] did not want to participate in the current study. Numbers of
births in each group in the original recruited cohort and the numbers studied at the age of 3–7
years are shown in Fig 1. Some children were traced but not studied because the funding was
time-limited, and they could not be studied before funding finished (‘Not in Study’ in Fig 1).
Investigations at 3–7 years of age
Socio-demographic data. We collected details of the mother’s educational level, occupa-
tion and current socio-economic status (SES) using the Standard of Living Index (SLI), a
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standardised questionnaire designed by National Family Health Survey-2 [34]. The SLI ques-
tionnaire records information regarding the type of house, water and sanitation facilities, land
ownership and household possessions, and produces a composite score; a higher score indi-
cates higher socio-economic status.
Anthropometry. The children’s anthropometry was measured by one of three trained
project assistants. Weight was measured to the nearest 0.1 kg using a Tanita HD-382 Digital
weighing scale. Standing and sitting height were measured to the nearest mm using a Seca 206
Stadiometer, with the head held in the Frankfort plane. Triceps, biceps, subscapular and
supra-iliac skinfolds were measured to the nearest millimeter using Harpenden skinfold calli-
pers (John Bull, British Indicators). Circumferences were measured using non-stretchable
anthropometric tapes, including occipito-frontal head circumference and mid-upper arm
(halfway between the acromial and olecranon processes with the arm flexed). Blood pressure
was measured using a sphygmomanometer (Omron 705IT) after at least 5 minutes sitting at
rest. The child’s mid-upper-arm circumference (MUAC) was measured and the correct cuff
size was chosen. Three readings were recorded at intervals of 5 minutes, and the average used
for analysis. Mothers accompanied their children at the time of measurement and the children
were comfortable (often sitting on the mother’s lap) between measurements. Data collection
staff were kept strictly blind to the mother’s preeclampsia status.
Fig 1. Numbers of births in each group in the original recruited cohort and the numbers studied at the age of 3–7 yr.
https://doi.org/10.1371/journal.pone.0231989.g001
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Ethical approval for the original study and the children’s follow-up study was obtained
from the Bharati Vidyapeeth Institutional Ethics committee (BVDU/MC/13; BVDU/MC/52).
Mothers gave individual informed written consent at the time of recruitment, and either the
mother or father gave informed written consent at the time of the child’s follow-up.
Statistical methods
Data are presented in tables as means (SD), medians (IQR) or Ns (%) for normally distributed
continuous variables, continuous variables with a skewed distribution and categorical variables
respectively. Maternal and newborn characteristics at the time of delivery, and outcomes at
3–7 years, were compared between PE and non-PE groups, using t tests for normally distrib-
uted continuous variables and Chi square tests for categorical variables. For these compari-
sons, the child outcomes were adjusted for age and sex. Anthropometric outcomes were also
converted into age- and sex-specific Z-scores using the WHO 2006 reference (WHO Multicen-
tre Growth Reference Study Group, 2006) and compared between groups. Associations
between the exposure of interest (PE/non-PE as a binary variable) and child outcomes were
then analyzed using multiple regression. We initially examined the univariate associations of
outcomes (BP and anthropometry) with potential confounders: birthweight, gestational age
and maternal BMI, height and socio-economic status (S1 Table). There were significant associ-
ations of birth weight, gestational age, maternal size and SES with the child’s anthropometric
measures, though not with BP. Given that there were significant differences between PE and
non-PE groups in birth size, gestational age and maternal characteristics, we decided it would
be best to take a uniform approach for all outcomes and carried out a series of three models for
all as follows: 1) adjusted for child age and sex; 2) additionally adjusted for birth weight and
gestational age at birth; and 3) additionally adjusted for maternal SLI score, height and BMI.
Skewed variables (SLI scores) were transformed to normality for use in regression models.
Because several studies have reported different associations of maternal preeclampsia with
child outcomes between boys and girls, we repeated these regression analyses stratified by
child sex, and conducted interaction tests. Finally, we examined the representativeness of the
study sample by comparing maternal and newborn characteristics of the children included in
our study and the remainder of the original cohort of births.
Results
Maternal characteristics
The weight and BMI of women with PE were higher than women in the non-PE group
(Table 1). As expected, maternal blood pressure was higher among PE women, while newborn
gestational age, placental weight and all newborn measurements were lower. Maternal educa-
tion level and SLI scores were similar in both groups.
Child outcomes
The children’s anthropometric and blood pressure outcomes are shown in Table 2. Weight
and height, and their Z scores, and subscapular skinfold thickness, were higher among chil-
dren born to PE compared with non-PE mothers. Systolic blood pressure was higher in chil-
dren of PE mothers (1.70 mmHg [95% CI 0.05, 2.90] p = 0.006) while there was no significant
difference in diastolic blood pressure.
The regression analysis is shown in Table 4. Although sex-stratified regression analysis sug-
gested that the association of maternal PE with greater weight and height in the children was
stronger in boys than girls (S2 Table) none of the interactions were statistically significant;
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Table 1. Comparison of maternal and newborn characteristics between PE and non-PE groups.
N Non-PE n PE p
Maternal characteristics
Age (yr) 470 23.7 ± 3.5 211 24.1 ± 3.9 0.28
Height (cm) 462 152.7 ± 5.8 186 153.6 ± 6.1 0.09
Weight (kg) 365 57.4 ± 9.3 171 64.0 ± 11.8 0.001
BMI (kg /m2) 362 24.5 ± 3.7 161 27.1 ± 4.7 0.001
Gestational age (wk) 470 38.9 ± 1.7 211 37.5 ± 2.6 0.001
Systolic Blood Pressure (mmHg) 470 122.4 ± 8.5 211 147.5 ± 15.6 0.001
Diastolic Blood Pressure (mmHg) 470 78.2 ± 5.2 211 96.1 ± 10.8 0.001
SLI score 423 30 (26,32) 198 30 (28,32) 0.16
Maternal education N (%) N (%)
Post graduate 27 (5.7) 17 (8.1)
Graduate 81 (17.2) 44 (20.9)
Higher secondary 99 (21.1) 35 (16.6)
Secondary 236 (50.2) 104 (49.3) 0.64
Primary 13 (2.8) 5 (2.4)
Vocational 1 (0.2) 1 (0.5)
Illiterate 13 (2.8) 5 (2.4)
Placental weight (gm) 279 497.3 ± 105.6 144 468.0 ± 147.6 0.02
Newborn characteristics
Weight(gm) 470 2776.2 ± 405.0 211 2434.3 ± 669.9 0.001
Length (cms) 455 47.9 ± 3.1 202 46.4 ± 4.1 0.001
Head circumference (cm) 457 33.8 ± 1.8 203 32.3 ± 2.3 0.001
Values are expressed as mean ± SD or n (%); the skewed variable (SLI score) is expressed as median (IQR)
https://doi.org/10.1371/journal.pone.0231989.t001
Table 2. Child outcomes at age 3–7 years.
n NON-PE n PE P
Anthropometry
Weight (kg) 469 16.1± 2.4 205 16.6 ± 3.1 0.03
Z score weight 469 -1.4 ± 1.0 205 -1.2 ± 1.3 0.04
Height (cm) 469 107.6 ± 5.0 205 108.5 ± 5.3 0.06
Z score height 469 -0.9 ± 1.0 205 -0.7 ± 1.1 0.008
Body mass index (BMI, kg/m2) 469 13.8 ± 1.2 205 13.9 ± 1.7 0.24
Z score BMI 469 -1.3 ± 1.0 205 -1.2 ± 1.3 0.62
Mid upper arm circumference (cm) 467 15.5 ± 1.3 202 15.7 ± 1.6 0.12
Head circumference (cm) 468 48.3 ± 1.3 202 48.2 ± 1.4 0.23
Triceps skinfold (mm) 466 7.2 ± 1.7 200 7.4 ± 2.2 0.30
Biceps skinfold (mm) 467 5.5 ± 1.4 201 5.8 ± 1.9 0.09
Subscapular skinfold (mm) 465 5.6 ± 1.4 200 6.0 ± 2.3 0.03
Suprailiac skinfold (mm) 462 7.5 ± 2.8 198 8.0 ± 3.4 0.08
Blood pressure
Systolic blood pressure (mmHg) 420 95.0 ± 6.8 194 96.6 ± 7.1 0.006
Diastolic blood pressure (mmHg) 420 60.7 ± 6.8 194 61.2 ± 7.1 0.40
Except for Z-scores, mean values were adjusted for the age and sex of the child
https://doi.org/10.1371/journal.pone.0231989.t002
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Table 3 therefore presents data with the sexes pooled. The findings largely mirrored the results
shown in Table 2 and were little changed after adjusting for the child’s birth weight and gesta-
tional age at birth and maternal anthropometry and SLI score. In the fully-adjusted model,
weight, height and BMI Z scores were (0.27 SD [95% CI 0.06, 0.48] p = 0.01), (0.28 SD [95% CI
0.09, 0.47] p = 0.005) and (0.13 SD [95% CI -0.09, 0.36] p = 0.25) higher in the PE group
(Table 3). Children born to mothers with preeclampsia also had larger subscapular skinfold
thickness. There was a trend for increased systolic blood pressure in PE children (1.59 mmHg
[95% CI -0.02, 3.20] p = 0.053). After further adjustment for the children’s own weight and
height, the equivalent figures were (1.09 mmHg [95% CI -0.48, 2.67] P = 0.17). Diastolic blood
pressure was higher in children of PE mothers though this was not statistically significant in
any of the models.
Representativeness of the study sample
Table 4 shows data comparing the mothers and newborns in our study sample (the children
successfully re-traced and studied at the age of 3–7 years) with the remainder of the original
cohort of births in this study. Maternal weight and BMI, and all newborn measurements were
smaller in the not-studied groups, both in the PE and non-PE categories.
Discussion
Summary of findings
In this first report of child outcomes in relation to maternal preeclampsia from a low-/middle-
income country, we found differences in anthropometry and blood pressure in children born
to Indian mothers who had preeclampsia compared with children of mothers without
Table 3. Multiple regression analysis: Associations of maternal PE with anthropometric and blood pressure outcomes in the children.
Unadjusted Adjusted for birth weight and
gestational age
Adjusted for birth weight, gestational
age and maternal BMI, maternal height
and SLI score
n Regression coefficient B
(95% CI)
p n Regression coefficient B
(95% CI)
p n Regression coefficient B
(95% CI)
p
Anthropometry
Z score weight 673 0.19 (0.01, 0.37) 0.04 673 0.41 (0.23, 0.59) 0.001 467 0.21 (0.059, 0.48) 0.01
Z score height 673 0.23 (0.06, 0.39) 0.008 673 0.39 (0.22, 0.55) 0.001 467 0.28 (0.09, 0.47) 0.005
Z score BMI 673 0.05 (-0.13, 0.23) 0.58 673 0.22 (0.04, 0.40) 0.016 467 0.13 (-0.09, 0.36) 0.25
Adjusted for child age and sex Adjusted for child age and sex, birth
weight and gestational age at birth
Adjusted for child age and sex, birth
weight, gestational age and maternal
BMI, maternal height and SLI score
n Regression coefficient B
(95% CI)
P N Regression coefficient B
(95% CI)
p N Regression coefficient B
(95% CI)
p
Mid-upper-arm circumference
(cm)
668 0.19 (-0.04, 0.42) 0.11 668 0.38 (0.14, 0.62) 0.002 464 0.23 (-0.06, 0.52) 0.12
Head circumference(cm) 669 -0.14 (-0.36, 0.09) 0.23 669 0.12 (-0.11, 0.34) 0.32 465 0.12 (-0.16, 0.40) 0.40
Triceps skinfold (mm) 665 0.17 (-0.15, 0.48) 0.30 665 0.38 (0.06, 0.71) 0.02 462 0.16 (-0.25, 0.57) 0.45
Biceps skinfold (mm) 667 0.23 (-0.03, 0.48) 0.08 667 0.35 (0.08, 0.62) 0.012 463 0.21 (-0.13, 0.54) 0.23
Subscapular skinfold (mm) 664 0.32 (0.04, 0.60) 0.03 664 0.44 (0.15, 0.74) 0.003 461 0.38 (0.002, 0.77) 0.049
Suprailiac skinfold (mm) 659 0.45 (-0.05, 0.96) 0.08 659 0.46 (-0.07, 0.10) 0.09 456 0.42 (-0.24, 1.09) 0.21
Blood pressure
Systolic BP (mmHg) 613 1.70 (0.50, 2.90) 0.006 613 1.71 (0.45, 2.98) 0.008 446 1.59 (-0.02, 3.20) 0.053
Diastolic BP (mmHg) 613 0.52 (-0.67, 1.72) 0.39 613 0.65 (-0.62, 1.91) 0.32 446 0.78 (-0.82, 2.37) 0.34
https://doi.org/10.1371/journal.pone.0231989.t003
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preeclampsia. After adjusting for potential confounders, children of PE mothers were taller,
heavier and more adipose (based on subscapular skinfold thickness) and had higher systolic
blood pressure at 3–7 years of age. Blood pressures in both groups were similar after adjusting
for the children’s weight and height.
Anthropometry
Newborn measurements in our study were smaller in babies of mothers with PE, consistent
with the known associations of PE with intra-uterine growth restriction and poorer birth out-
comes. However, at 3–7 years of age, we observed higher weight, height, and subscapular skin-
fold thickness in these children, independent of maternal size and socio-economic status.
Thus, children of PE mothers not only ‘caught up’ with the children of non-PE mothers, but
also overtook them. Several of the studies already mentioned have reported that exposure to
preeclampsia in utero is associated with higher weight and/or BMI in adolescents [8,11,12, 13,
20] and adults.9 The systematic review by Davis et al. showed, in a meta-analysis of data from
seven studies of children, adolescents or adults, that BMI was higher by 0.62 kg/m2 (95% CI
0.41, 0.84). Greater adiposity, assessed using skinfolds, has been reported in children of PE
mothers [35]. Taller height or accelerated childhood height gain have also been reported in
Table 4. Comparison of maternal and birth characteristics between children studied at age 3–7 years and the remainder of the original births.
Non-PE group n Studied n Not studied p
Maternal
Age (years) 470 23.7 ± 3.5 1081 23.4 ± 3.5 0.12
Weight at delivery (kg) 365 57.4 ± 9.3 894 55.5 ± 9.3 0.001
Height (cm) 462 152.7 ± 5.8 978 152.7 ± 6.0 0.94
BMI (kg/m2) 362 24.5 ± 3.7 856 23.7 ± 3.6 0.25
Systolic blood pressure (mmHg) 470 122.4 ± 8.5 1077 121.8 ± 8.8 0.22
Diastolic blood pressure (mmHg) 470 78.2 ± 5.2 1077 77.7 ± 5.6 0.10
Newborn
Weight (kg) 470 2776.2 ± 405.0 1082 2547.5 ± 519.4 0.001
Length (cm) 455 47.9 ± 3.1 1051 46.99 ± 3.6 0.001
Head circumference (cms) 457 33.8 ± 1.8 1050 33.02 ± 2.4 0.001
Placental weight (gm) 279 497.3 ± 105.6 833 458.43 ± 115.5 0.001
Gestation (wks) 470 38.9 ± 1.7 1078 37.8 ± 2.7 0.001
PE group
Maternal n Studied n Not studied p
Age (years) 211 24.1 ± 3.9 506 24.2 ± 4.1 0.72
Weight at delivery (kg) 171 64.0 ± 11.8 429 61.1 ± 11.3 0.006
Height (cm) 186 153.6 ± 6.1 429 152.7 ± 5.9 0.08
BMI (kg/m2) 161 27.1 ± 4.7 376 26.1 ± 4.5 0.03
Systolic blood pressure (mmHg) 211 147.5 ± 15.6 506 146.2 ± 17.3 0.32
Diastolic blood pressure (mmHg) 211 96.1 ± 10.8 506 95.5 ± 11.5 0.51
Newborn
Weight(gm) 211 2434.3 ± 669.9 502 2324.4 ± 668.7 0.046
Length(cm) 202 46.4 ± 4.1 489 45.8 ± 4.1 0.059
Head circumference (cm) 203 32.3 ± 2.3 490 32.1 ± 2.7 0.45
Placenta weight(gm) 489 468.0 ± 147.6 415 445.4 ± 121.9 0.07
Gestation (wks) 211 37.5 ± 2.6 503 37.1 ± 2.9 0.14
https://doi.org/10.1371/journal.pone.0231989.t004
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some studies [8,14]. The mechanisms responsible for not only catch-up in weight, height and
adiposity compared with children of normotensive mothers, but also an ‘overshoot’, are
unknown, but, may result from programmed changes in growth factors as a result of PE expo-
sure. Catch-up growth is regulated by several factors; genetic and environmental factors, and
biological regulators such as the growth hormone-insulin growth factor (IGF) system. A recent
report from India demonstrated that infants born small for gestational age (SGA) show catch-
up growth (both weight and length) at 18 months and this was correlated with higher IGF-1
levels [36]. A longitudinal study from Chile also reported similar findings in SGA babies at 3
yrs of age [37]. However, no studies have examined the role of the IGF system in the regulation
of post natal growth in children of PE mothers.
It is important to note that some previous studies have found no effect of PE exposure on
children’s weight or BMI [38, 39] or height [11, 38, 39]. A recent study reported findings in the
opposite direction for adiposity: lower rather than higher body fat percentage and smaller
skinfolds in children born to mothers with preeclampsia and gestational hypertension at 8
years of age [18]. It was interesting in our study that, despite increased weight and skinfolds,
children’s BMI was not significantly different between PE and non-PE groups and may possi-
bly be because both height and weight are higher. Alternatively it may be related to body com-
position; Indians tend to have a lower lean body mass, and at a given BMI a higher fat mass
and central body fat, than white Caucasians [40]. Other discrepancies across studies may be
due to different study designs, differences in clinical management of PE and other hyperten-
sive disorders in pregnancy, and ages of assessment of the children. In the Davis et al. system-
atic review, the increase in BMI in offspring of PE mothers was clear only in adolescence or
older [10]. Future studies following up the offspring of PE mothers should include better mea-
sures of body composition, such as dual-X-ray absorptiometry, to determine whether differ-
ences in weight are due to changes in lean or fat mass.
Blood pressure
The regression analysis revealed a higher systolic blood pressure (by 1.70 mmHg [95% CI 0.05,
2.90] p = 0.006) in children of mothers with PE, a difference that was of borderline significance
after adjusting for the child’s birth weight, gestational age at birth, current age and sex, and
maternal size and socio-economic status. These results are consistent with other studies in
HIC settings, which have shown that systolic blood pressure is higher by ~1–4 mmHg in child,
adolescent or adult offspring of mothers with PE or other hypertensive disorders in pregnancy
[9, 11,12,13, 17, 18, 20, 21]. Most of these studies also showed higher diastolic blood pressure,
though this was a consistently smaller effect, significant only in some studies [9,11,19,20,21]. A
systematic review reporting CVD risk factors in children, including a meta-analysis of 18 pub-
lished studies, showed that PE was associated with a 2.39 mm Hg higher systolic blood pres-
sure [95% CI 1.74, 3.05) and 1.35 mmHg higher diastolic blood pressure [95% CI 0.90, 1.80) in
children and adolescents (Davis et al., 2012) [10].
Attenuation of the blood pressure difference after adjusting for the children’s weight and
height suggests that the higher blood pressure in children of PE mothers is at least partly medi-
ated by the children’s increased body size. A similar attenuation has been reported previously
[11,12,20]. Other mechanisms that lead to higher blood pressure in these children could
include in utero programming of blood pressure regulation systems by exposure to preeclamp-
sia, or shared (between mother and child) genes or family environment/behavioural factors.
Factors/ exposures that may cause fetal programming include placental hypoxia, defective
angiogenesis, endothelial dysfunction and immune modifications, possibly acting through epi-
genetic mechanisms, [22, 41, 42] and leading to hypertension through long-term changes in
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blood vessel development, kidney development or endocrine systems [19,35]. Our own earlier
studies have reported altered maternal angiogenesis and differential placental expression and
methylation of angiogenic factor genes in women with preeclampsia [27]. Alsnes et al com-
pared blood pressure in adults from pregnancies complicated by hypertension with siblings
from normotensive pregnancies and found no differences, favouring genetic or shared family
environment mechanisms [9]. On the other hand, another sibling study (with a small sample
size) showed vascular dysfunction (assessed using pulmonary artery pressure and flow-medi-
ated brachial artery dilatation) among PE-exposed children but not among their siblings born
from normal pregnancies [43], favouring an effect of the intra-uterine environment. The
mechanisms of transmission of elevated blood pressure from mothers with PE to their children
require further research.
Sex differences
Some studies have reported significant increases in anthropometry or blood pressure only in
boys [13,35,38]. We specifically explored this in our data, and found no evidence of sex
differences.
Strengths and limitations
As far as we know, ours is the largest cohort in India following up children born to women
with and without preeclampsia. There was considerable attrition of the cohort since birth,
either due to families moving away from their original address or because, due to lack of
funds, we had to halt the study before we had time to re-contact all the families (Fig 1) and this
could create bias. However, although there were statistically significant differences in maternal
and neonatal characteristics between the children studied and not studied, these were small in
absolute terms, and were similar between PE and non-PE groups, which make it unlikely that
our finding of higher weight, height and skinfolds in PE children was due to selection bias. We
had to suspend recruitment of women when the labour ward was very busy and the staff were
under too much clinical pressure; however we think that this would have affected PE and non-
PE women equally and would not therefore have introduced bias. Another limitation was that
we did not check for a history of hypertension in previous pregnancies; if the effects of mater-
nal preeclampsia on the children’s outcomes result from genetic or other familial causes
(rather than the intrauterine environment), inclusion of mothers with a past history of pre-
eclampsia or pregnancy induced hypertension as controls could dilute the observed effect size.
Another limitation of the study is that we do not have consecutive anthropometric measure-
ments across various ages in childhood which could have helped to understand the linear
growth of children and at what age the PE children (who were born smaller) caught up and
overtook the non-PE children. Also, we do not have information on the severity of the moth-
er’s preeclampsia; some studies have shown greater differences in outcomes among children of
women with severe preeclampsia.
Conclusions
We have shown that, consistent with studies in high income countries, children born to moth-
ers with preeclampsia were taller and heavier and had higher systolic blood pressure than chil-
dren of non-PE mothers. These changes may indicate an increased risk of cardiovascular
disease in adulthood. The mechanisms underlying these changes require further research.
PLOS ONE Preeclampsia and child anthropometry
PLOS ONE | https://doi.org/10.1371/journal.pone.0231989 May 5, 2020 10 / 13
Supporting information
S1 Table. Associations of child anthropometry and blood pressure with birthweight, gesta-
tional age, maternal BMI, maternal height, SLI score (socio-economic status), and the
child’s age and sex.
(DOC)
S2 Table. Multiple regression analysis: Associations of maternal PE with anthropometric
and blood pressure outcomes in the children, stratified by sex.
(DOC)
Acknowledgments
The authors are grateful to the study participants for the successful completion of the study.
Author Contributions
Conceptualization: Sadhana Joshi.
Formal analysis: Karuna Randhir, Kalyanaraman Kumaran, Chittaranjan Yajnik, Clive
Osmond, Caroline Fall.
Funding acquisition: Caroline Fall, Sadhana Joshi.
Investigation: Hemlata Pisal, Vrushali Kadam.
Methodology: Hemlata Pisal, Vrushali Kadam, Nandini Malshe, Ruma Deshpande, Sonali
Palkar, Sanjay Lalwani.
Project administration: Sadhana Joshi.
Supervision: Caroline Fall.
Writing – original draft: Amrita Khaire-Ghadge.
Writing – review & editing: Amrita Khaire-Ghadge, Caroline Fall, Sadhana Joshi.
References
1. Roth GA, Johnson C, Abajobir A, Abd-Allah F, Abera SF, Abyu G, et al. Global, Regional, and National
Burden of Cardiovascular Diseases for 10 Causes, 1990 to 2015. J Am Coll Cardiol 2017; 70:1–25.
https://doi.org/10.1016/j.jacc.2017.04.052 PMID: 28527533
2. Yeates K, Lohfeld L, Sleeth J, Morales F, Rajkotia Y, Ogedegbe O. A. Global Perspective on Cardiovas-
cular Disease in Vulnerable Populations. Can J Cardiol 2015; 31:1081–1093. https://doi.org/10.1016/j.
cjca.2015.06.035 PMID: 26321432
3. Barker DJ, Gluckman PD, Godfrey KM, Harding JE, Owens JA, Robinson JS et al.. Fetal nutrition and
cardiovascular disease in adult life. Lancet 1993; 341: 938–941. https://doi.org/10.1016/0140-6736(93)
91224-a PMID: 8096277
4. Barker DJ. Fetal origins of coronary heart disease. BMJ 1995; 311: 171–174. https://doi.org/10.1136/
bmj.311.6998.171 PMID: 7613432
5. Hanson M, Gluckman P. Developmental origins of noncommunicable disease: population and public
health implications. Am J Clin Nutr 2011; 94:1754S–1758S. https://doi.org/10.3945/ajcn.110.001206
PMID: 21525196
6. Lin S, Leonard D, Co MA, Mukhopadhyay D, Giri B, Perger L, et al. Pre-eclampsia has an adverse
impact on maternal and fetal health. Transl Res 2015; 165:449–463. https://doi.org/10.1016/j.trsl.2014.
10.006 PMID: 25468481
7. Myatt L, Webster RP. Vascular biology of preeclampsia. J Thromb Haemost 2009; 7:375–384. https://
doi.org/10.1111/j.1538-7836.2008.03259.x PMID: 19087223
8. Byberg KK,Øymar K, Eide GE, Forman MR, Ju´lı´usson PB. Exposure to preeclampsia in utero affects
growth from birth to late childhood dependent on child’s sex and severity of exposure: Follow-up of a
PLOS ONE Preeclampsia and child anthropometry
PLOS ONE | https://doi.org/10.1371/journal.pone.0231989 May 5, 2020 11 / 13
nested case-control study. PLoS One 2017; 12:e0176627. https://doi.org/10.1371/journal.pone.
0176627 PMID: 28486480
9. Alsnes IV, Vatten LJ, Fraser A, Bjørngaard JH, Rich-Edwards J, Romundstad PR, et al. Hypertension in
Pregnancy and Offspring Cardiovascular Risk in Young Adulthood: Prospective and Sibling Studies in
the HUNT Study (Nord-Trøndelag Health Study) in Norway. Hypertension 2017; 69:591–598. https://
doi.org/10.1161/HYPERTENSIONAHA.116.08414 PMID: 28223467
10. Davis EF, Lazdam M, Lewandowski AJ, Worton SA, Kelly B, Kenworthy Y et al. Cardiovascular risk fac-
tors in children and young adults born to preeclamptic pregnancies: a systematic review. Pediatrics
2012; 129:e1552–61. https://doi.org/10.1542/peds.2011-3093 PMID: 22614768
11. Vatten LJ, Romundstad PR, Holmen TL, Hsieh CC, Trichopoulos D, Stuver SO. Intrauterine exposure
to preeclampsia and adolescent blood pressure, body size, and age at menarche in female offspring.
Obstet Gynecol 2003; 101:529–533. https://doi.org/10.1016/s0029-7844(02)02718-7 PMID: 12636958
12. Øglaend B, Forman MR, Romundstad PR, Nilsen ST, Vatten LJ. Blood pressure in early adolescence in
the offspring of preeclamptic and normotensivepregnancies. Hypertens 2009; 27: 2051–2054. https://
doi.org/10.1097/HJH.0b013e328330052a PMID: 19609220
13. Seidman DS, Laor A, Gale R, Stevenson DK, Mashiach S, Danon YL. Preeclampsia and offspring’s
blood pressure, cognitive ability and physical development at 17-years-of-age. Br J Obstet Gynaecol
1991; 98:1009–1014. https://doi.org/10.1111/j.1471-0528.1991.tb15339.x PMID: 1751432
14. Gunnarsdottir J, Cnattingius S, Lundgren M, Selling K, Ho¨gberg U, Wikstro¨m AK. Prenatal exposure to
preeclampsia is associated with accelerated height gain in early childhood. PLoS One 2018; 13:
e0192514. https://doi.org/10.1371/journal.pone.0192514 PMID: 29438394
15. Thoulass JC, Robertson L, Denadai L, Black C, Crilly M, Iversen L, et al. Hypertensive disorders of preg-
nancy and adult offspring cardiometabolic outcomes: a systematic review of the literature and meta-
analysis. J Epidemiol Community Health 2016; 70: 414–422. https://doi.org/10.1136/jech-2015-205483
PMID: 26347276
16. Geelhoed JJ, Fraser A, Tilling K, Benfield L, Davey Smith G, Sattar N, et al. Preeclampsia and gesta-
tional hypertension are associated with childhood blood pressureindependently of family adiposity mea-
sures: the Avon Longitudinal Study of Parents and Children. Circulation 2010; 122:1192–119. https://
doi.org/10.1161/CIRCULATIONAHA.110.936674 PMID: 20823385
17. Lawlor DA, Macdonald-Wallis C, Fraser A, Nelson SM, Hingorani A, Davey Smith G, et al. Cardiovascu-
lar biomarkers and vascular function during childhood in the offspring of motherswith hypertensive dis-
orders of pregnancy: findings from the Avon Longitudinal Study of Parentsand Children. Eur Heart J
2012; 33:335–345. https://doi.org/10.1093/eurheartj/ehr300 PMID: 21862461
18. Tripathi RR, Rifas-Shiman SL, Hawley N, Hivert MF, Oken E. Hypertensive Disorders of Pregnancy and
Offspring Cardiometabolic Health at Midchildhood: Project Viva Findings. J Am Heart Assoc 2018; 30; 7
(3). pii: e007426. https://doi.org/10.1161/JAHA.117.007426 PMID: 29382664
19. Tenhola S, Rahiala E, Martikainen A, Halonen P, Voutilainen R. Blood pressure, serum lipids, fasting
insulin, and adrenal hormones in 12-year-old children born with maternal preeclampsia. J Clin Endocri-
nol Metab 2003; 88:1217–1222. https://doi.org/10.1210/jc.2002-020903 PMID: 12629109
20. Fraser A, Nelson SM, Macdonald-Wallis C, Sattar N, Lawlor DA. Hypertensive disorders of pregnancy
and cardiometabolic health in adolescent offspring. Hypertension 2013; 62:614–620. https://doi.org/10.
1161/HYPERTENSIONAHA.113.01513 PMID: 23918754
21. Mamun AA, Kinarivala MK, O’Callaghan M, Williams G, Najman J, Callaway L. Does hypertensive dis-
order of pregnancy predict offspring blood pressure at 21 years? Evidence from a birth cohort study. J
Hum Hypertens 2012; 26:288–294. https://doi.org/10.1038/jhh.2011.35 PMID: 21509041
22. Hakim J, Senterman MK, Hakim AM. Preeclampsia is a biomarker for vascular disease in both mother
and child: the need for a medical alert system. Int J Pediatr 2013; 2013:953150. https://doi.org/10.1155/
2013/953150 PMID: 23690796
23. Black RE, Allen LH, Bhutta Z, Caulfield LE, de Onis M, Ezzati M, et al. Maternal and Child Undernutrition
Study Group. Maternal and child undernutrition: global and regional exposures and health conse-
quences. Lancet 2008; 371: 243–260. https://doi.org/10.1016/S0140-6736(07)61690-0 PMID:
18207566
24. von Dadelszen P, Firoz T, Donnay F, Gordon R, Justus Hofmeyr G, Lalani S, et al. Preeclampsia in low
and middle income countries-health services lessons learned from the PRE-EMPT (PRE-Eclampsia-
Eclampsia Monitoring, Prevention and Treatment) project. J Obstet Gynaecol Can 2012 Oct; 34
(10):917–926. https://doi.org/10.1016/S1701-2163(16)35405-6 PMID: 23067947
25. National Health Portal, Govt. of India, 2016. https://www.nhp.gov.in/disease/gynaecology-and-
obstetrics/preeclampsia. Assessed 01 June 2016.
26. Institute of health Metrics and Evaluation. Global Burden of Disease (GBD) compare 2017. https://
vizhub.healthdata.org/gbd-compare/ accessed 21.09.2019.
PLOS ONE Preeclampsia and child anthropometry
PLOS ONE | https://doi.org/10.1371/journal.pone.0231989 May 5, 2020 12 / 13
27. Kulkarni AV, Mehendale SS, Yadav HR, Kilari AS, Taralekar VS, Joshi SR. Circulating angiogenic fac-
tors and their association with birth outcomes in preeclampsia. Hypertens Res 2010; 33:561–567.
https://doi.org/10.1038/hr.2010.31 PMID: 20224572
28. Mehendale S, Kilari A, Dangat K, Taralekar V, Mahadik S, Joshi S. Fatty acids, antioxidants, and oxida-
tive stress in pre-eclampsia. Int J Gynaecol Obstet 2008; 100:234–238. https://doi.org/10.1016/j.ijgo.
2007.08.011 PMID: 17977540
29. Wadhwani NS, Narang AS, Mehendale SS, Wagh GN, Gupte SA, Joshi SR. Reduced Maternal Erythro-
cyte Long Chain Polyunsaturated Fatty Acids Exist in Early Pregnancy in Preeclampsia. Lipids 2016;
51:85–94. https://doi.org/10.1007/s11745-015-4098-5 PMID: 26626477
30. Kulkarni A, Chavan-Gautam P, Mehendale S, Yadav H, Joshi S. Global DNA methylation patterns in
placenta and its association with maternal hypertension in pre-eclampsia. DNA Cell Biol 2011; 30:79–
84. https://doi.org/10.1089/dna.2010.1084 PMID: 21043832
31. Meher A, Randhir K, Mehendale S, Wagh G, Joshi S. Maternal Fatty Acids and Their Association with
Birth Outcome: A Prospective Study. PLoS One 2016; 11:e0147359. https://doi.org/10.1371/journal.
pone.0147359 PMID: 26815428
32. Wadhwani N, Patil V, Pisal H, Joshi A, Mehendale S, Gupte S, et al. Altered maternal proportions of
long chain polyunsaturated fatty acids and their transport leads to disturbed fetal stores in preeclampsia.
Prostaglandins Leukot Essent Fatty Acids 2014; 91:21–30. https://doi.org/10.1016/j.plefa.2014.05.006
PMID: 24928794
33. Dhobale MV, Wadhwani N, Mehendale SS, Pisal HR, Joshi SR. Reduced levels of placental long chain
polyunsaturated fatty acids in preterm deliveries. Prostaglandins Leukot Essent Fatty Acids 2011;
85:149–1453. https://doi.org/10.1016/j.plefa.2011.06.003 PMID: 21816593
34. International Institute for. Population Sciences (IIPS) and ORC Macro. 2000. National Family Health
Survey (NFHS-2), 1998–99: India.
35. Washburn L, Nixon P, Russell G, Snively BM, O’Shea TM. Adiposity in adolescent offspring born pre-
maturely to mothers with preeclampsia. J Pediatr 2013; 162:912–7. https://doi.org/10.1016/j.jpeds.
2012.10.044 PMID: 23211927
36. Rustogi D, Yadav S, Ramji S, Mishra TK. Growth Patterns in Small for Gestational Age Babies and Cor-
relation with Insulin-like Growth Factor-1 Levels. Indian Pediatr 2018; 55:975–978. PMID: 30587647
37. Iñiguez G, Ong K, Bazaes R, Avila A, Salazar T, Dunger D, et al. Longitudinal changes in insulin-like
growth factor-I, insulin sensitivity, and secretion from birth to age three years in small-for-gestational-
age children. J Clin Endocrinol Metab 2006; 91:4645–4659. https://doi.org/10.1210/jc.2006-0844
PMID: 16912131
38. Palti H, Rothschild E. Blood pressure and growth at 6 years of age among offsprings of mothers with
hypertension of pregnancy. Early Hum Dev 1989; 19:263–269. https://doi.org/10.1016/0378-3782(89)
90061-3 PMID: 2806155
39. Ros HS, Lichtenstein P, Ekbom A, Cnattingius S. Taller or shorter? Twenty years after pre-eclampsia
exposure in utero: comparison of final height, body mass index, waist to hip ratio and age at menarche
among women exposed and unexposed to pre-eclampsia during fetal life. Pediatric Research 2001;
49: 763–791. https://doi.org/10.1203/00006450-200106000-00008 PMID: 11385135
40. Yajnik CS. Confessions of a thin-fat Indian. Eur J Clin Nutr 2018; 72: 469–473. https://doi.org/10.1038/
s41430-017-0036-3 PMID: 29410478
41. Stojanovska V, Scherjon SA, Plo¨sch T. Preeclampsia as a modulator of offspring health. Biol Reprod
2016; 94:53. https://doi.org/10.1095/biolreprod.115.135780 PMID: 26792940
42. Goffin SM, Derraik JGB, Groom KM, Cutfield WS. Maternal pre-eclampsia and long-term offspring
health: is there a shadow cast? Preg Hypertens 2018; 12: 11–15. https://doi.org/10.1016/j.preghy.
2018.02.003 PMID: 29674189
43. Jayet PY, Rimoldi SF, Stuber T, Salmòn CS, Hutter D, Rexhaj E, et al. Pulmonary and systemic vascu-
lar dysfunction in young offspring of mothers with preeclampsia. Circulation 2010; 122: 488–494.
https://doi.org/10.1161/CIRCULATIONAHA.110.941203 PMID: 20644018
PLOS ONE Preeclampsia and child anthropometry
PLOS ONE | https://doi.org/10.1371/journal.pone.0231989 May 5, 2020 13 / 13
